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The Zeeman-split spin-states of a single electron confined in a self-assembled quantum dot provide
an optically-accessible spin qubit. For III-V materials the nuclear spins of the solid-state host provide
an intrinsic noise source, resulting in electron-spin dephasing times of few nanoseconds. While a
comprehensive study of electron-spin dynamics at low magnetic field has recently been carried out,
what limits the electron coherence in these systems remains unclear, in part due to the dominant
effect of measurement-induced dynamic polarisation of the nuclear bath. We develop an all-optical
method to access the quantum dot spin-state without perturbing the nuclear environment. We use
this method to implement Hahn-echo decoupling and reach the intrinsic limit to coherence set by
inhomogeneous strain fields coupling to quadrupolar moments of the nuclear bath. These results
indicate that the extension of electron spin coherence beyond this few-microsecond limit necessitates
the reduction of strain-induced quadrupolar broadening in these materials.
Indium-gallium-arsenide (InGaAs) quantum dots pos-
sess strong, coherent optical transitions [1], enabling ul-
trafast all-optical control of the spin ground states [2]
and their entanglement with single photon states [3-5],
key building blocks for networked quantum information.
Implementing quantum information schemes beyond el-
ementary protocols will place stringent demands on the
retention of spin coherences. Decoupling techniques, such
as Hahn-echo and higher-order multi-pulse protocols, ex-
tend coherence times by filtering the effects of correlated
noise [6,7]. In this way the coherence of solid-state spin-
qubit realisations such as the nitrogen-vacancy centre
in diamond and phosphorus donors in silicon has been
found to be limited by the spin diffusion of a small num-
ber of environmental nuclei [8,9]. In contrast, electrons
confined to self-assembled InGaAs quantum dots experi-
ence a particularly rich nuclear environment: the electron
couples via the contact hyperfine interaction to a dense
bath of ∼ 104−105 nuclear spins. Hahn-echo decoupling
has been used to recover spin coherence in self-assembled
quantum dots for times up to 2.6 µs [10,11,12], however a
full explanation of the loss of coherence has been lacking.
Understanding the intrinsic processes limiting coherence
is essential to exploiting the highly desirable optical prop-
erties of these structures.
Self-assembled quantum dots typically form by strain-
driven nucleation during epitaxial growth, resulting in
inhomogeneous electric field gradients within the crys-
tal lattice. Another source of local field gradients is the
random alloying of atomic species in these systems. The
nuclear spins in the quantum dot couple to these gra-
dients via quadrupolar moments, resulting in spatially-
dependent shifts of their energy levels [13,14]. In this
way strain isolates individual nuclear spins such that the
bath remains coherent longer than for unstrained systems
[15] and maintains polarisation for multiple hours [16].
At the same time, the interaction between the electron
spin and the strained bath presents unique challenges,
namely the non-linear measurement-induced back-action
of nuclei, often observed as the dragging of resonance fre-
quencies by detuning resonant optical probes [17]. This
process affects both the evolution of electron spin states
and the detuning of resonant spin-readout probes to the
extent that it can limit state retrieval and mask the mech-
anisms influencing the electron-spin dynamics [18].
Optical access to the spin state of an electron resi-
dent in an InGaAs quantum dot is provided by the level
structure in Fig. 1a. An in-plane magnetic field per-
mits four equal-strength near-infrared transitions to the
excited trion states, at 969 nm in our case, and splits
the electron-spin ground states by ∆e, whilst the excited
states are split by ∆h. Addressing an optical transition
resonantly provides spin-dependent optical readout and
prepares a well-defined ground state by optical pumping
[19]. Application of a circularly polarised and spectrally
detuned pulse rotates the electron spin via the AC-Stark
shift [2]. This can be observed in the fluorescence rate as
power-dependent spin Rabi oscillations, plotted in Fig.
1b, when picosecond-long rotation pulses are accompa-
nied by a resonant drive for spin readout and repump.
Through this we can rotate the electron spin with a fi-
delity o f∼ 97% within 2 ps.
An electron spin superposition state stored in the
quantum dot evolves at the spin splitting ∆e. This fre-
quency, principally determined by the external quanti-
sation field Bext, is influenced by the contact hyperfine
interaction with the nuclear spins within the electronic
wavefunction. This interaction can be represented semi-
classically by an effective magnetic field, the Overhauser
field BOH, as depicted in Fig. 1c. In the limit of Bext
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FIG. 1. Optical access to InGaAs quantum dot spins
and relevant spin dynamics. a, Energy level structure for
a negatively charged quantum dot in Voigt geometry, show-
ing the optically allowed transitions and their respective po-
larisations. The red arrow represents the effective coherent
coupling between the spin ground states, which we create us-
ing a σ+- polarised picosecond pulse detuned by ∼3 nm from
the optical resonance. b, Pulse sequence and recorded count
rates for the control of a single electron spin. The depicted
scheme contains both the picosecond rotation pulse and the
continuous spin readout. The curve in the readout count rate
is a sinusoidal fit, with a sublinear power dependence. c, The
electron spin splitting is due to both the external magnetic
field and the hyperfine coupling with the nuclear bath, rep-
resented by the Overhauser field BOH. d, The nuclear spins
are subject to the external field and quadrupolar coupling
to electric field gradients, represented here by the effective
field BQ. The frequency axis below displays the relevant fre-
quencies for nuclear and electron dynamics at the few-Tesla
external field regime, as well as the optically induced electron
spin Rabi-frequency.
 BOH, Overhauser field components parallel to the
electron quantisation couple linearly to the spin split-
ting [20], while perpendicular terms perturb the splitting
quadratically [21,22]. The high frequency dynamics of
the Overhauser field are determined by the nuclear bath
precessing in the external field, and also the coupling to
electric field gradients via quadrupolar moments, repre-
sented in Fig. 1d as an effective field BQ [23]. The sum
effect of the two is such that the resulting Overhauser
field fluctuations contain components both parallel and
perpendicular to the external field direction. The fre-
quency chart in Fig. 1 outlines the relevant timescales
for each of these processes in a few-Tesla external field.
At these fields, the fastest process is electron spin preces-
sion at geµe ∼ 6GHzT−1, broadened by the Overhauser
field width geµeBOH ∼ 100 MHz [24]. Atomic-species de-
pendent nuclear Zeeman splitting of gNµN ∼ 10MHz T−1
is supplemented by the quadrupolar coupling gNµNBQ ∼
1-10 MHz [25]. The effect of other dynamics, such as
dipolar interaction between nuclear spins [15], electron-
mediated nuclear flip flops [16] or the precession of nu-
clei due to hyperfine coupling with the electron [26,27]
are neglected in this regime due to their weaker coupling
strengths (see supplementary). For reference, we include
the Rabi frequency of our spin control at ∼ 500 GHz, up
to two orders of magnitude faster than any other process.
The nuclear dynamics introduced in Fig. 1d affect the
storage and retrieval of arbitrary spin states from the
quantum dot. To investigate the extent of their effect we
measure the Ramsey interference of spin-states for vary-
ing delay, τ between two pi/2 spin-rotations. The sub-
panels of Fig. 2a, labelled (i-iv), display the resonant spin
readout signal when we probe each of the four available
transitions (see inset). All data sets show a striking de-
parture from the expected sinusoidal beating associated
with the precession of the electron spin. When probing
the spin-down projection (iii & iv), a hysteretic saw-tooth
behaviour emerges [18], whilst for probing spin-up pro-
jection (i & ii) the readout signal is suppressed for delays
beyond 200 ps. This behaviour emerges from dynamic
polarisation of the nuclear spins due to resonant driving
of the optical transitions, producing a feedback loop be-
tween bath polarisation and the measured electron state
[5]. As can be seen in Fig. 2a, it is the ground-state elec-
tron projection of the readout transition which dictates
the feedback dynamics we observe, consistent with mech-
anisms based on the non-collinear hyperfine interaction
[28]. The effect of this state-dependent polarisation is
to frustrate time-averaged measurements of the electron-
nuclear system and to prevent access to the full timescale
of spin coherence. In order to inhibit the electron-state
dependent polarisation of the nuclear bath, we repeat
the same measurement as in Fig. 2a, however we invert
the spin before every other repeat, as depicted in Fig.
2b. The two resulting measurements presented in Fig.
2c suppress the phase dependence in the average signal
(solid red circles). In this way we prevent the build-up
of nuclear polarisation and resolve the evolution of the
unperturbed electron-nuclear system, as shown in Fig.
2d for one half of the measurement pair. The symmet-
ric, Gaussian-amplitude decay with T ∗2 = 1.93(3) ns is
testament to the large amplitude, yet quasi-static en-
vironmental noise, consistent with an Overhauser field
standard deviation of 33 mT [3,27] (see supplementary).
Having successfully decoupled nuclear bath polarisa-
tion from our resonant optical spin readout, we imple-
ment a Hahn-echo scheme to assess the extent to which
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FIG. 2. . Nuclear polarisation in Ramsey Interferometry. a, Readout fluorescence as a function of the delay
between pi/2-rotations using the four allowed transitions to probe and prepare the electron spin. The insets indicate the probed
transition. The non-sinusoidal shape is due to the polarisation of nuclear spins in the quantum dot. The data are taken for Bext
= 4 T, resulting in an electron spin splitting of 25.2 GHz. b, Alternating pulse sequence to suppress nuclear spin polarisation.
Every second rotation sequence begins with an inverted spin state. c, Count rates from the alternating sequence. The two
out-of-phase signals with (blue circles) and without (orange circles) a spin inversion produce a time-averaged signal without
phase dependence (red circles). The curves are sinusoidal fits to data. d, Full free induction decay with alternating sequence.
The probed transition is the same as in panel a, i. The black curve is a Gaussian envelope with a 1.93-ns decay.
we can protect electron-spin coherence. The measure-
ment sequence is displayed in Fig. 3a for a 91.2-ns de-
lay between the pi/2-rotations, in which the central pi-
rotation refocuses the dephased spin state. We sweep
the central rotation by τ < T ∗2 and record the visibil-
ity of the oscillatory readout signal [10]. In the limit
of perfect rotations the visibility is a direct measure of
the coherence of the spin state. Figure 3b displays the
integrated readout from the pulse sequence in Fig. 3a,
which emerges only after having decoupled the readout
from bath polarisation as in Fig. 2 (see supplementary).
The two traces in Fig. 3b correspond to the echo signal
with (blue circles) and without (orange circles) initial in-
versions.
Figure 3c shows the visibilities we recover when vary-
ing storage time, T, up to 1.3 µs for four different external
magnetic fields. The refocussing pulse filters the quasi-
static noise components that resulted in the 2-ns time-
averaged dephasing, yet the electron state is still suscep-
tible to high-frequency dynamics of the Overhauser field.
The first points of interest in Fig. 3c are the collapse
of coherence beyond 13 ns at low field (2 T) and the
damped oscillatory behaviour at short times for higher
fields. These effects are principally due to the linearly
coupled Overhauser field components along the electron-
spin quantisation direction. The linearly coupled terms
arise from the tilt between the effective quadrupolar field
axis and the external field. The large strain in these sam-
ples results in a quadrupolar coupling strength equivalent
to ∼ 1-T magnetic field. We only observe spin coherence
beyond ∼ 13 ns at relatively high external fields (> 2 T)
as the Zeeman interaction starts to dominate nuclear dy-
namics, reducing linearly coupled Overhauser field com-
ponents. In the presence of high-frequency noise, Hahn
echo becomes a sensitive spectroscopic tool, evidenced by
the oscillatory visibility at short storage times and high
external fields. This allows us to determine the spectral
composition of the nuclear bath at these frequencies by
viewing the echo sequence as a filter of the Overhauser
field noise spectrum.
The power spectral densities for both the linearly cou-
pled and transverse quadratically coupled noise compo-
nents are plotted in the left and right panels of Fig. 3d.
These are calculated from the quadrupolar and Zeeman
Hamiltonians for the four relevant atomic species, Ga69,
Ga71, As75 and In115. The broad structures result from
integrating over a Gaussian distribution of quadrupolar
energies and orientations, corresponding to the inhomo-
geneous spread of electric field gradients (see supplemen-
tary). Our choice of parameters is based on an indium
concentration of 0.5 with strain profiles motivated by
atomistic calculations [29]. The curves in Fig. 3c are the
calculated electron Hahn-echo visibilities resulting from
such noise spectra. Fitting the power spectrum ampli-
tude to our echo modulation is consistent with an Over-
hauser field standard deviation of 28-40 mT. By decom-
posing the spectra into the constituent atomic species
(see supplementary) we find that indium plays the dom-
inant role in the dephasing of the electron, owing to its
large nuclear spin, whilst the gallium isotopes have a neg-
ligible effect. For electrostatically confined III-V quan-
tum dots, Hahn-echo coherence has been observed to fol-
low an exp[−(T/T2)4] behaviour [22], which is predicted
to emerge from the dipolar coupling between nuclear
spins [30]. In contrast, the coherence we observe decays
exponentially at high fields (Bext ≥ 3 T) and long times
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FIG. 3. Hahn-echo measurement with suppressed nuclear feedback. a, Histogram of pulse sequence to perform and
measure all-optical Hahn echo for a T = 91.2 ns storage time. The marked areas are regions of interest for spin readout. b,
Integrated count rates in regions of interest for the two readout pulses as the central rotation pulse is scanned by τ , at an
external field of 3 T, revealing a visibility of 47.6(1.2)%. The blue trace is of smaller visibility due to imperfect spin inversion.
c, Extracted visibilities for varying storage time and external field values. The visibilities are drawn from the readout without
initial inversion. Error bars show the standard error of the mean for repeated measurements. The curve is the result of
modelling the echo sequence as a spectral filter of the nuclear spectra in (d). Right-hand panels show zoomed-out traces of
long storage times, showing the exponential visibility decay and the fitted decay times. d, Power spectral densities of the
nuclear noise. The left panel displays the linearly coupled Overhauser field components, along the quantisation direction of the
electron. The right panel displays the spectra of quadratically coupled transverse components.
(T > 200 ns), at a field-dependent rate extending to 1.7
µs at 5 T. This decay stems from the quadratically cou-
pled perpendicular Overhauser field components, plotted
in the right panel of Fig. 3d. These feature a broad low-
frequency shoulder due to the inhomogeneous quadrupo-
lar spread, responsible for the long-time loss of coher-
ence. The perpendicular components couple to the elec-
tron splitting with a 1/Bext dependence, which reduces
the effective amplitude at higher fields. Indeed, further
data taken for a different quantum dot at a higher exter-
nal field (7 T) shows coherence times extending to 2.7 µs
(see supplementary). This mechanism provides a faster
source of dephasing than theoretical predictions for co-
herence limited by nuclear-spin diffusion in these mate-
rials [30], which should extend beyond 6 µs. Instead, the
quadrupolar inhomogeneity is a source of uncorrelated
noise, resulting in the characteristic exponential decay of
electronic coherence.
By inhibiting dynamic nuclear spin polarisation dur-
ing resonant optical access to spn states, we observe the
quadrupolar interaction of the nuclear bath with inho-
mogeneous electric field gradients providing an intrinsic
bound to spin coherence in InGaAs quantum dots. In
other systems, such as electrostatically confined GaAs
quantum dots, multi-pulse decoupling schemes can be
used to further prolong the spin coherence beyond Hahn-
echo limits. Such schemes rely on noise being correlated
at least on the order of the pulse separation times [7].
The broadband nature of the quadrupole-coupled nuclear
dynamics, however, decorrelates the electron splitting in
∼20 ns. Therefore, only pulses spaced on or closer than
this timescale could extend spin coherence in these sys-
tems. In this way the strain that is necessary for the for-
mation of the quantum dot provides the intrinsic source
of dephasing. We note, using a single heavy-hole as an al-
ternative quantum-dot spin qubit should allow for longer
dephasing times due to a much weaker hyperfine inter-
action, although other mechanisms can limit its coher-
ence [31]. Longer coherence times for electron spin qubits
could be realised either for systems without quadrupolar
nuclear moments, as in II-VI quantum dots, or through
strain-free growth methods. One particular example of
the latter is provided by optically active GaAs/AlGaAs
quantum dots grown by droplet epitaxy. With over two
orders of magnitude weaker local strain than the quan-
tum dots used here, significantly different nuclear dynam-
ics have been reported [32]. With reduced quadrupolar
broadening absolute coherence times that are competi-
tive with other spin qubit realisations could be achieved,
whilst still maintaining the ultrafast control rates and
optical integration the material properties enable.
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METHODS
Sample
We use a sample grown by molecular beam epitaxy
containing a single layer of self-assembled InGaAs quan-
tum dots in a GaAs matrix, embedded in a Schottky
diode for charge state control. The Schottky diode struc-
ture comprises an n+-doped layer 35 nm below the quan-
tum dots and a ∼6-nm thick partially transparent tita-
nium layer evaporated on top of the sample surface. This
device structure allows for deterministic charging of the
quantum dots and shifting of the exciton energy levels
via the DC Stark effect. 20 pairs of GaAs/AlGaAs layers
form a distributed Bragg reflector below the quantum
dot layer for increased collection efficiency in the spec-
tral region between 960 nm and 980 nm. Spatial resolu-
tion and collection efficiency are enhanced by a zirconia
solid immersion lens in Weierstrass geometry positioned
on the top surface of the device. The device is cooled in
a liquid-helium bath cryostat to 4.2 K and surrounded
by a superconducting magnet.
Spin inversion to prevent nuclear spin polarisation
The inversion necessary to cancel phase terms in the
average readout signal and suppress nuclear polarisation
can be provided by either a coherent pi-rotation, or an
incoherent re-pumping step. For Hahn echo a pi-rotation
suffices, however for measurements of the time-averaged
dephasing, the enhanced sensitivity for longer delays be-
tween the pi/2-rotations requires complete spin inversion
such that the rotation has to be supplemented with a
pumping step.
Pulse sequence and detection
Optical pulse sequences are constructed from a
Ti:Sapphire pulsed laser in picosecond-mode, detuned
from the optical resonance by ∼ 3 nm and a resonant
continuous-wave diode laser. Both are modulated with
fibre-coupled waveguide electro-optic modulators. The
modulators are locked to the 76-MHz repetition rate of
the pulsed laser via a pulse delay generator with 8-ps jit-
ter. Additional suppression of the readout pulse is pro-
vided by an acousto-optical modulator, realising 6000:1
suppression of readout lasers and >2000:1 rotation pulse
suppression. The readout laser is used at a power below
optical saturation to avoid spin-pumping when not read-
ing the spin state. The readout fluorescence is filtered
from the resonant laser by polarisation mode rejection.
Additional filtering of the detuned rotation pulses is pro-
vided by a holographic grating with a 30-GHz full width
at half maximum and a first-order diffraction efficiency
above 90%. The photon detection events are recorded
with a time-correlation unit and a single photon detector
with a timing resolution of 350 ps.
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